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For  tactical  .systems  cj>c  rating’,  within  the  atmosphere,  ramjet 
propulsion  offt'rs  sipinficant  aclvantapes  t)\*c  r t i>nvt‘nt  ic»n*il  r{>c  kt  t 
propulsion  systems  (i,  e.  , tluisc  which  carry  hi'th  fuel  «inci  oxidir.c  r). 
’I'he  principal  advantages  --  increased  range  c>r  greater  payload  at 
fixed  range  --  result  from  the  intrinsic  high  sp«-cific  in^pnl  - (Isp) 
associated  with  ramjets,  which  only  need  to  carry  fuel  (the  oxidir.er 


being  obtained  from  the  atmos }’'he re)  for  their  pnipulsion. 

P'^jrtht’r  rangt'  incrt‘asi‘s  I'an  be  obtanu'd  t!^ri>ugh  thi*  ust*  of  a fuel 
possessing  a high  volumetric  heat  c^f  combustii>n  (.itlc/V).  C^i^e  such 
fuel  is  RJ-5,  a jnixture  of  isomers  resulting  from  the  hydrogenation  of 
bic  y c lobe  pt  ad  ic'nt' , KJ-fi  has  a rt'lativc'ly  low  lu'at  of  c'on'^bustion  pi*r 
unit  niass,  but  its  high  specific  gravity  1.08)  results  in  a J'.l!c/V  of 

abc>ut  160,  000  lUu/g.al. 

RJ-5  is  uniciue  among  licpud  hydrocarbon  fuels  in  that  it  is  com- 
posed of  isomers  that  have  a high  degree  of  strain  energy  resulting  from 
their  fused  ring  systems.  These  structural  differences  betwc'cn  RJ-6 
and  other  hydrocarbon  fuels  might  result  in  combustion  parameters 
different  from  le s s - st rained  hydrocarbotis.  For  tliis  reason,  three"  prior 
studies  on  the  combustion  kinetics  of  R.1  - h have  bc‘c"ic  carried  c'Ut  by 
Shcir,  Ksso  , and  Martin  Marietta  l.aboratories  (MMF)"  with  the 
objc'ctive  of  measuring  ignition  delays,  r,  The  goals  of  these"  preliminary 
studies  were  to:  (1)  investigate  the  effect  of  re"action  conditions  c>r  * atul 
(?\  determine  the  influence  of  viscosity- re"duc ing  additives.  While 
extensive*  data  on  the"  variatic^n  of  r were'  c'btaiiu'd  with  the"  expi'rimi'nt.e. 
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t«'v  hmnvu't.  »-n  ii'U'Vovl,  it  i ;■  iu>t  iUmc  1u>\v  f d.it.i  winiUl  viMTi-lalf 
witU  vni’.iiu'  t f st  tirinj,'  rrMiltt',  Uiuaiisc  i it-  nuri-ly  .lu  iinliiatur  i)l'  tl>i‘ 

I'f  luiul'ust  ion  not  iliriu  tly  ril.itoil  to  i luubn.-t  ion  dnr.ition  or 
«-tlti'  \«-iu'y. 

lU'i'ain  o i>l  thi'  luu  o rt .lint  i o s ai.-^oi  i.itod.  w ith  ii'nition-dolav 
nio.u.nrcnii-nl  tho  N.iv.il  .•\iv  Syi.ti'ins  C'oinni.ind  ^l'on^ovl•d  a mIuh  K 
t nh«'  invo.'.t  i)' at  ion  <it  MMl.'  ainu-d  .it  ri-t.ddi;  h\ni',  t n Iniinui- s lor 
iiionitoriu)’,  thn  i-ntiro  vapor  ph.isio  ooiiilnn  t ion  pvolili'  I'f  from 

whu  li  ro.u'tion  p.ir.inu'ti'r.'  .siudi  .i.-'  i imihiif.t  ion  r.itf  .ind  dnr.ition  wi-rr 
di-ti- rmiiii-d.  Whili  tin-  hoiiio)',i’"‘'i'^'J‘  y,.ii'' ■ jdia  so  r.ito.*.  <iro  o.'.tont  ial  for 
.in  niuU'rst.indini’  I'f  lh«'  i I'liihust ion  Kiiintii  s,  tlu-y  r«- pro ta'iit  I'lily  <i 
portion  o(  tlu-  tvit.il  lonilnistion  pii  turn.  In  tlin  on>;inf  loiidni.sfo  r,  liipiid 
ilroplct.'^  .irn  I'pi'.iVnd  intv'  .in  .ilrv.idy  hi'l  vomhn.'.i  ii'ii  ■.•.onn.  Thus,  such 
p.i r.iiiict V r s .IS  h.c.it  fr.insli*r  to  tlu'  liviiiiil  tiiiT  .iiid  fnt'l  v.ipi'rii.atii'n  may 
ho  s ipni  fic.int  f.u  tor.^  in  dote  rinininp.  ovi'r.ill  r.itcs  .mil  I'fficiiMu'ios  v'f 
v'lmiliiist  iv'ii.  '1  111'  ni'Nt  h'p.ii  .il  step,  .iiul  the  v'lic  vlt's  v r il'cil  herein,  is  to 
invc.st  i{',.iti'  the  hetr  ri'p.cncoiis  ci'iidnisl  iv'ii  t'ciwci'ii  liipiul  fuel  ilroplcts  in 
.1  liot  oNidiy.iny,  atmosphere,  1 he  nel'iil i/ e r coiipleii  shock  tiihe  lias  hi>en 
chi'seii  as  .i  me.int.  I'f  ;i  imnl.it  int\  the  iict  e rv'j.' i iiev'in-  enc.iiie  v'l'iiihiistii'n 
I'liviri'niiiv'nt  with  the  .iim  of  .ipplyine,  tlie  Kinetic  t ec liniviiie s previnns)\’ 
est.il'lislied  for  v.ipor  ph.is.e  l\.1-S  ci'iiih’.istu'ii  itiuly'  tv'  thit.  mort-  ti»mplex 
pri'l'iem, 
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•KCllK~)l!N'n 

Shock  'I'libi.* 

'I'lu'  iJifficiiltier.  nssociatcti  wiih  stuclyiiij;  j;a.s-pha.‘:c  reactions, 
sncl>  as  fuel  comlu’.slit'n,  arc  many  and  divi-rsc  --  arisiii}.’.  from 
pascovis  mixinj;,  hctc  roj'.cncoiis  reactions,  finiti’  licating  duration, 
and  temperature,  pressure  and  density  gradients  throughout  the 
reaction  came.  'I'ln-  study  of  ri'aclions  in  controlled  fh'Ui^es  exhibits 
most  of  these  difficvilties  to  some  degree.  Consequently,  analysis  iji 

V 

i ngine  combustion  chamlv'rs,  where  these  f.jctors  are  much  more 
pronounced,  cari  yield  only  limited  kinetic  information.  In  distinct 
contrast  to  flames,  s})t>ck  nave  heating  provides  a ready  means  by 
which  a premixed  gaseous  sample  can  be  instantaui'ously  («  1 psec) 
and  uniformly  heated  to  an  elevati  d ttunperature  asid  pressure  free 
from  the  above  difficulties.  Furthcrniore,  this  technique  permits 
temperature  and  pressure  as  well  as  reactant  composition  (equivalence 
ratio)  to  be  varied  easily  and  reproducibly. 

A chemical  shock  tube  has  been  selected  for  use  in  this  progran^ 
and  consists  of  two  segments  of  pipe  separated  by  a diaphragm.  The 
first  jxjrtion,  the  driver  section,  contains  g.as  at  a higher  pressure  than 
the  second  section.  The  driven  section  contains  the  mixture  to  be  studied, 
c.g,,  RJ-5  t .air.  When  the  diaphragm  is  broken  either  by  bursting  due 
to  overpressure  or  n»ecbanical  puncture,  the  driver  gas  expands  into  the 
driven  section  conipressing  and  he.ating  the  gaseous  mixture.  Tlic  shock 
wave  travels  down  the  tube  at  supersonic  spi'eds.  sweeping  the  reaction 
ll^ixture  with  it  ajul  g,ei>eraling  the  incidi'nt  shock  wave.  When  tile  shock 
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Nv;ivf  ri'achcs  the  eml  of  the  tube  the  e.a;.  e.iiinol  be  jli;. j'laeeil  more 
ami  a .seeoml  shock  wave  is  proiuiciHl  which  further  hc-ats  and  com- 
pressi's  the  sample  of  pas.  'This  wave  moves  away  from  the  end  of 
the  tube  and  is  referred  to  as  the  reflectei!  shock.  AsiiU-  froni  havinp 
jouch  hipher  temperatures  aiul  pressures,  the  reflecti'tl  i'i>ne  differs 
fron^  the  incident  r.one  in  that  it  is  stapn.xnt,  i.  e.  , the  pas  in  the 
reflected  r.oni'  has  no  net  velocity  alonp  the  ti»be  axis. 

The  temper.ature  of  both  itxcident  and  pre-ipnition  reflected  sluxck 
•/.ones  is  to  a first-ortler  approximation  ileterinineil  by  the  pressure 
xhfferential  across  the  diaphrap.txx.  In  practice,  the  actual  shock  l oix- 
ditions  are  calculated  usinp  the  experimodally  measured  shock  velocity, 
the  initial  driven  pas  tenxperature  and  pressure,  and  a knowledpe  of  the 
tempo rature-dependent, heat  capacity  profile  for  the  driven  pas. 
Temperature  and  pressure  profiles  for  a typical  thermonevitral  shock 
experiment  monitored  at  a point  near  the  end  of  the  tube  are  illustrated  in 

Kip.  1. 

Atixmi’/.er 

A number  of  methods  ar<'  available  fi>r  the  production  of  aeri'sols. 

S S , I'  . « 

'J'hrtsr  incliidr  spinning  clitik  ' , La  Ntor  , nnpnctor  , 

isolated  droplet  ’ , and  pneumatic  penerator'  techniques.  However, 

these  methods  can  produce  only  limited  concentrations  of  aerosols  or 
yield  a wide  distribution  of  particle  si/,es  and  are  not  readily  suitable  for 
shock  tube  couplinp. 

In  contrast,  an  ultrasonic  nebulizer  has  recently  been  developed  by 
Henti'n  whic  h overcomes  thes«'  difficulti»'s  , \\  ith  this  device,  acoustical 

enerpy  is  tr.insmitted  directly  to  a pool  of  liquid  from  the  surface  of  a 
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Figure  1.  Tonipt'rature-prt  ssiiri'  profile  at  a point  near  the 
tube  end  plate  shou  ing  incident  ami  reflected  shock 
conditions.  Reaction  i-.ones  are  defined  as  follows: 

A I’reshock  conditions 
It  Incident  7.0 ne 
C Reflected  i:one 


a Incident  shock  arrival 
b Refli  cted  shock  arrival 


piezocuA'amic  transducer.  The  application  of  a radio  frequency 
(RJ')  signal  produces  ultrasonic  vibratioiis  in  the  transducer  which 
causes  the  liquid  to  break  rapidly  into  a fountain  of  small  drops. 

The  droplet  dimensions  of  aqueous  saniplcs  have  been  found  to  be 
directly  related  to  the  irradiation  frequency^  At  1 MHz,90%i  of  the 
droplets  arc  between  *1  ai'id  bp. while  at  3 MHz,  80%  of  the  droplets 
are  between  1 and  3p.  Larger  droplets  can  be  readily  obtained  with 
a lower  RF  frequency.  The  nebulizing  rate  can  be  as  high  as  1 ml/inin 
iind  depends  only  weakly  upon  the  solution  depth.  Also,  the  particle  size 
distribution  does  not  depend  strongly  upon  the  nature  of  the  solution  as 
might  be  expected  from  theoretical  considerations.  Hence,  once  the 
apparatus  is  calibrated  it  can  be  expected  to  be  a reliable  source  of 
aerosols  of  known  particle  size  distribution  and  concentration. 

Since  the  active  element  of  the  ultrasonic  nebulizer  technique  is 
simply  a ceramic  disk  it  can  be  readily  coupled  to  the  downstream  end 
of  the  shock  tube  without  causing  any  hindrance  to  shock  wave  dynamics. 

A schematic  which  describes  the  ultrasonic  nebulizer  and  shock  tube 
coupling  is  shown  in  Fig.  t. 

FXPF  !U 

Assessment  of  the  existing  shock  tube  system  at  Martin  Marietta 
Laboratories  indicated  that  it  was  inadequate  for  nebulizer  coupling  because 
of  the  short  lifetime  of  the  reflected  shock  zone.  Consequently,  a new 
shock  tube  system  has  been  designed  and  is  now  under  const  rviction.  Since 
the  technologies  associated  with  the  nebulizer -covipled  shock  tube  components 
arc  for  the  most  part  well  established,  prelin. inary  combustion  experiments 
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tic  of  nebulizer  - 


>lun>U-  br^in  shortW  ft . r ..s:-.  n,Mv.  Thr  syst.-^n  outlitu-.i  m so.nc 
in  ihr  follow  ill iliscviiiiiion. 

An  v<vorall  vi.  w of  tho  shook  tnho  is  sliown  in  Fic.  aiul  a dotail.-d 
ilrawini;  dosoribinv;  tht-  ooinhustion  roy.ion  is  j;ivon  in  l'i>:.  .F  As  bolori-. 
tho  shock  tvibc  consists  of  two  sections,  a driver  and  a driven  seitnMi. 

.ilont;  with  their  associated  control  and  monitor iiii;  devices.  In  tlx-  yiresent 
‘J't'  nebiilir.er  constitutes  a third  major  element.  A detailed 
descri}'.ion  of  the  three  components  follow^. 
nriver  .^ectiojn 

The  driver  or  lii.ch -pres sure  section  was  constructed  from  a 32-hter 
.Stainless  steel,  military  surplus  oxv.cen  bottle  (hOO  psil  with  these  appro-xi- 
mate  dimensions:  l2-in.  diameter  and  2-1 -in.  lenpth.  The  terminal  ends 
of  the  bottle  are  appropriately  flaiu’.ed  to  mount  a sprinc, -loaded,  cross- 
bladed  knife  assembly  used  to  puncture  the  diaphr.iitm  into  a quadrant 
petallinc.  pattern.  The  knife  blades  fit  snui;ly  in  the  corners  of  a 0-in. 
segment  of  l-3/-t.in.  i.  d.  square  pipe  constructed  from  l/-»-in.  d/o  stain- 
less steel  pl.atc.  Also  housed  to  the  terminal  knife  mmuiting  flange  is  a 
l/2-in.  port  used  for  mechanical  evacuation  and  as  a driver  gas  (llel  inlet. 
The  entire  driver  section  rests  on  a slide  mounting  frame  so  that  it  can  be 
easily  moved  back  for  diaphragm  changing.  I'ressure  in  the  driver  section 
is  monitored  on  a 0-200  psi  biuirdon  gu.ige. 

Hr i veil  ^ectioti 

The  driver  section  is  connected  to  a second  segment  of  l-df-t-in. 
i.d.  square  stainless  steel  pipe  by  a quick-release  flange  clamp  which 
will  permit  rapid  diaphragm  changing.  Uicated  l-l/2-in.  from  the 
diaphragm  is  an  end  sealed  Veeco  valve  with  a l-cm  inlet  which  serves 


Detailed  schematic  of  shock  tube  combustion  zone. 


r 


■ . ' . .1.  ^ 


as  a vaciuun  and  filliri};  purl  for  tin;  (e:  l si-ction  of  tlic  slioc);  tube. 

In  thi-  closi-d  position  tho  expansion  volume  created  by  this  valve  is 
small,  thus  the  shock-front  disruption  is  neplipible.  The  remainder 
of  the  test  section  is  constructed  from  two  1-17-in.  sci;ments  of  2- in. 
square  (1-3/4-in.  i.  d.  ), seamless  aluminum  pipe  followed  by  a terminal 
18-in.  combustion  chamber  constructed  fron'i  1/4-in.  strainlcss  steel 
plate.  The  use  of  stainless  rather  than  aluminum  serves  the  twofold 
purpose  of  increasing  the  strength  in  the  explosion  region  and  facilitating 
multiple  flanging.  The  total  voluine  of  the  driven  section  is  about  H>  liters 

Termination  of  the  test  section  is  accomplished  by  a 1-3/4  x 1-3/4-in. 
solid  aluminum  plug  which  protrudes  1-1  /2-in.  into  the  shock  tube.  A 
1-1 /4-in.  circular  hole  has  been  drilled  axially  ;md  the  intn^r  plug  surface 
fitted  with  a 1-1  /2-in.  diameter  x 1 /4-in.  thick  quartz  windov/  mounted  flush 
to  the  plug  surface.  This  window  will  allow  end-on  viewing  of  the  zone  in 
the  visible  and  ultraviolet  regions.  Side  viewing  can  be  accomplished 
through  two  circular,  1 -in. -diameter  LiF  windows  mounted  flush  with 
the  shock  tube  inner  surface  and  located  on  either  side  of  the  tube.  The 
window  centers  arc  located  0.5  cm  froni  the  end  plug. 

With  the  onset  of  combustion,  there  will  be  intense  infrared  enhssions 
from  the  combustion  products.  As  depicted  in  kig.  3 (Detail  A),  this 
radiation  will  pass  through  an  LiF  window  onto  a narrow  slit  (1  mm)  to 
assure  that  the  radiation  observed  has  originated  from  a narrow 
slice  of  gas  perpendicular  to  the  tube  axis.  '1  hi*  unfiltered  radiation 
emerging  from  the  slit,  will  pass  through  a narrc'W  hand  infrared  filter 
with  a characteristic  transmission  coincident  will)  the  emission  of  the 
spec  ies  to  be  observed  and  finally  impinge  on  the  active  element  of  an 
InSb  infrared  detector. 
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« binvil.vi  \v\.ii\in'r,  t)ic  v\  iiuU'w  wiMl'i  t \v \lh  <» 

s \ ;■  \ M I vi  i\il  \>ll  I .» V iv'U  I 1 1 luin  I »'  1 1 wj!  il  I \ 1>  I i 1 > i; . ' , 1.1  >\  tU  . t low  I \ . I , 

till'  a.  t \\ *'  ilil  »■»  t u\i'.  lU'v  u » wiUlw  .»  ) twl'c, 

I v'v  .»t  »‘il  .it  I'Ohvtw'ivs  r,  Ij,  tl  .uwl  10  1 i\v  lii'u»tl\«’  iMwl 

.M  tw  o I'Vi'XMViri'  t i aiihiUu  «M  8.  A8 «i'»  iat  «'il  \v  it h tlx'  \i\i  ulrnl  hl\i<i  k 

aiiw.tl  .>t  iht'Hi'  two  posit\ou8  will  lx*  a iiu  ri.isv  i\\  pvfHsuvf  lioiu 

w l\)  1 l\  tlx'  hliot  K \ «'Kx  \t  V 1 .u\  I'*'  k all  \)la  t ixt.  Tlx  « \ *'loi  \t  v ilot  «■  i ox  x«'8  t l>r 
1M«'.  ox\l'vi8t\ox  shov  K t cxvix' ra  t X VO.  I'lx-  \ al»'  v't  \'i«'M8\Xf  il\ax);«'  at  Ti 
will  alsk'  8t'v\'»'  a8  a n\oi\itk>v  ot  the  tvx'l  Ixu  x latx. 

Tlx*  )!a.s  liaxillixii  8\>.t(xx,  attailxxl  to  thx  t»’Mt  HXitxm  xt-ai  tl\x 
kl\.»|>l\r.t,i;x\,  kk>x8\ht8  v't  two  lO  l\txv,  hta»nlt'88  Mtvx'l  vvl(xil«>v8  Iv'v  j;ah  x\\\ 
txro  stv'r.*m',  0 ''ll  ,\xil  0 SOll  rov\-  al'Mv'lxtx  j'rv'Msxi'x  ^ax^i>8  Iv'r  i\x\t\u  «' 
I'lft'a  f.vtiv'X,  axvl  a vt\.  \'»l  vUtlx8ivx\  I'vxxp.  \'<x  xuxx  xxiawxi'xxxxxt  s w\ll 
I'v  xx.xvl*'  \t8\)t^  .ix\  Nl\X  \ ai  xvxx\  xxv'xitox  v\lxi  h v v'xtaxxxs  I'v'tlx  tlx'ixxi'v  v'xxplv* 
axvl  iv'xiif atioxv  ^.'x^t’s, 

Nv'l'xh/  V'  i- 

l.i'iatfvl  v'x  tlx'  I'v'ttv'xv  v't  tlx'  txlx'  1'1’twv'i‘X  tlx*  twv'  hulv  \ivwixy; 
wixvlowB  \8  a v'lvaxxvl  I'vv'vlxvtN  xltr.*8v'xvv  t laxhvlxv  v i si'Vv  v liv  .vllv  vlv'8  v>;xv'vl 
tv'T  vav»t<xtix)i  hixall  w'lxxx's  v't  liv)xivl8  tv'  v vv-atv'  a txx'  xxHt.  Mv'xxtvx\>;  »8 
av  V oaxi'lislit'vl  \ ia  a txtU'xv  tUox^'  whxh  alsv'  IvoxhXH  a I'V  v'ixpx  hj't  vxj;  axvl  a 
Npavt'V  rtxx^  (I'lj;.  I'v't.xil  I'l,  I'm'bhxxx'  v'x  tlx'  tiaxMvUxxx  »»  j^vxx'v  atxil 

I'V  tlvrxv  V v'txp  V v'H  8 ii'x  8v  vv'WH  wlxvh  I'lv'hs  .vv;ax\8t  tlx'  «|'.ivfV  vvx^  axvl  svxxf 
.» B tl\»'  hVv  v'Xvl  xll'v  tV\v  al  V oxtav  t tv'  tlx'  tv.xovvlxv  v'V,  >*XXv  »'  tlx’  tcaxbvlxv  V'\ 
iX'Boxaxv  »'  tr«'v)vxxvN  vvxvl  Ivvxv  v thv'  xxvHt  |'avtvvl«'  hx  v .x  t x x xx\ v r hxI  v ix'latwl 
to  tlxxv  kxi’ H 8 , xt  wxll  I'V  XvvVSB.XX'V  tO  vlxaX^X  t X .XXBilxi  V 1 « tlxx  l'XXx;l'v'XXt  tlxv 
V \('v  1 xxxxvixt . Vlxxxv  wxll  I'x'  av  V oxxxj'IxbIxx'vI  vanxlv  wxtlxv'xxt  xxxoxxxxt  xxxy;  xxx'vlxtxva 
tX'lXS  I'V  XXS  f V t iv'XX  v't'  a 1 V')' 1 x.xt  V hpavvXh  t >'  v v'XXX)'vIX8.Xt  v Iv'X  llxxv  KxXvBh 


\ .X  r x.xtiv'xs . 


'Die  ;>i  e/.oi.  t-rainic  traiiMhicer  is  driven  l>y  a radio- fretjuciu  y power 
souree'^'  (I’ij;-  **)  l ajiable  of  delivering,  in  exi  ess  of  100  W t>f  enery.y  over 
a frequency  range  of  700  kltr.  to  3.  3 Mil/..  Irradiating  jiower  is  controlled 
by  the  step  resistors  and  pote  ntiometer  in  the  screen  circuit  of  the  output 
amplifier.  J’ower  is  coupled  to  th<-  pi<-/oce  ramie  Ir.insrhicer  via  a 0.01  p 
I'  -t  k\’  transmitting  mica  cap.icitor  which  isolates  the  high  voltage  plates 
svipply  from  the  transducer.  The  high  - cu  r rent , high-voltage  D.  C.  power 
svipplies  were  obtained  by  modification  of  a ll<'ndix  (Corporation  Model  9-3 
Knudsen-cell  power  supply. 

Located  on  the  upper  tube  wall  directly  above  the  transducer  is  a 
rubber  septvim  seal.  'I'his  inlet  allows  direct  application  of  a known  amount 
of  liquid  fuel  onto  the  crystal  surface  by  use  of  a calibrated  syringe. 


FIJTUKK  WOIHs 


Of  iJiuTu  diat «•  cont  t-rn  in  the  future  it;  i.  oinpl clic’n  of  the  construction 
phase  of  the  pro  ject.  This  phase  will  he  follciwed  by  a period  of  teslins 
and  iiebuli/.er  cha racte ri nation.  Preliminary  combustion  txperiinents  at 
a fixed  particle  distribution  will  then  be  carried  out  with  the  aim  of 
carefully  cha ract e riz.ing  the  changes  (e.  g.  , pressure,  u.  v.  and  visible 
emissions,  etc.)  in  the  combustion  region  as  a guide  to  ascertaining  the 
best  approach  to  fulfilling  the  goals  of  the  study. 
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